F ollicular lymphoma (FL) was described for the first time by Brill and Symmers in 1925. The primary cytogenetic lesion, the t(14;18) was identified in 1982, and the breakpoint at BCL2 in 1985. Based on observations that the t (14;18) originates from an erroneous recombination event in precursor B cells, 1 a model evolved in which the tumor develops linearly from such a precursor cell ( Figure 1A ). Other cytogenetic events frequently accompany the t(14;18), and various authors have attempted to distinguish different subgroups of FL with differences in biological behavior, risk of transformation to an aggressive lymphoma, prognosis and overall survival on the basis of these additional events.
2, 3 Apart from these cytogenetic abnormalities not further discussed here, it is evident that FL represents a germinal center lymphoma with high expression of activation-induced deaminase (AID) and in consequence a pattern of ongoing somatic hypermutations of immunoglobulin (IG) loci. 4, 5 This is not necessarily a continuous process since tumor cells may leave and (re)enter a germinal center and, in consequence, may periodically acquire novel somatic hypermutations of the IG genes. Indeed, by analysis of individual tumor cells or by molecular cloning of IGH rearrangements from a pool of tumor cells, it became evident that within each individual lymphoma not all tumor cells share the same somatic hypermutations. This implies subclonal evolution of the lymphoma, each clone being detectable by a unique fingerprint. Thus sampling of multiple (subsequent) lymph nodes of a FL patient might show different fingerprints of these mutations and this type of analysis may provide us with a "genealogical tree" of the individual lymphoma ( Figure 1B) .
The prototypic FL is a histologically low grade (grade 1 or 2) and clinically indolent lymphoma and affected patients have a median overall survival of approximately 7 years or longer. Of note the great majority of patients present with disseminated disease at the time of diagnosis implying an equally long or even longer period of subclinical disease. This is in line with the observations that approximately half of all healthy adult individuals harbor one or more B-cell clones with a t(14;18), only very few of these clones developing into clinically relevant disease. At present these cells are called "follicular lymphoma-like cells" or FLLC. [6] [7] [8] In fact occasional cells carrying these t(14;18) can already be identified in hyperplastic tonsils from children. 9 Besides, so-called follicular lymphoma in situ (FLIS) lesions can be identified in less than 3% of all reactive lymph nodes. 10 In these lymph nodes, some germinal centers are focally involved by FL cells as detected by immunohistochemistry, polymerase chain reaction analysis and in situ hybridization for the t(14;18).
Interestingly and in contrast to what was expected, these FLLC and likely also FLIS lesions represent expansions of lowaffinity IgM(D) expressing (post-germinal) memory B cells that have accumulated high loads of somatic hypermutation. 4, 7, 8 These relatively recent observations led to models ( Figure 1C ) in which a full-blown FL might have developed from a t(14;18) carrying precursor B cell that migrated to the blood stream, and subsequently encountered the AID-induced somatic hypermutation machinery in germinal centers, giving rise to long-living FLLC or FLIS cells. According to such a model, additional genetic events such as mutations in the CREBBP gene [11] [12] [13] (upregulating BCL6) might consolidate the germinal center status of the lymphoma, allowing the cells to accumulate more genetic damage necessary to ultimately switch to a clinically relevant FL. Another, not mutually exclusive, observation is that many FL cells acquire a specific B-cell receptor, containing N-glycosylation motifs. These motifs can interact with stromal elements in the microenvironment, thereby promoting survival and/or proliferation of tumor cells as well. [14] [15] [16] Most essentially, since FLLC and FLIS cells, like fully neoplastic FL cells, may also undergo multiple rounds of somatic hypermutation upon re-entry into germinal centers, this implies that somatic hypermutations as observed in FL are not necessarily produced in the malignant FL cells themselves but can also be generated earlier. This model with FLLC and/or FLIS as an intermediate step in lymphomagenesis ( Figure 1C) is very difficult to prove in vivo, with only extremely rare observations supporting it (see below).
The publication by Wartenberg et al. in this issue of the journal 17 complements these observations. These authors studied the somatic hypermutation pattern of tumor cells in lymph nodes and bone marrow from three FL patients. In one patient a synchronous biopsy of the lymph node and bone marrow was investigated, in the two other patients two and five metachronous biopsies with a maximal interval of 3 years were taken. Using a novel mathematical approach the authors designed both compartment (lymph node/bone marrow) specific pedigrees, as well as a more global pedigree for the entire patient. Based on these calculations, they propose that FL cells start expanding within lymph nodes but may migrate early to the bone marrow and may stay there for long periods, likely years, in a relatively quiescent or dormant state. From the bone marrow these relatively less mutated "founder" FL cells may again invade the lymph nodes at relapse, giving support for bidirectional instead of unidirectional migration ( Figure 1D ). These data are in line with a previous publication 18 also showing that bone marrow lymphoma cells may represent relatively early subclones. However, using a more conventional algorithm, those authors were not able to determine the exact direction of the migration of cells (migration from or to the bone marrow or vice versa).
In fact these novel observations fit well in a model in which the bone marrow provides a niche for the neoplastic cells, allowing them to survive and repopulate the body again, even after chemotherapy. Indeed a bone marrow-specific niche has already been proposed by several groups. [18] [19] [20] In consequence it could even be that clonally related and bone marrow-resident FLLC, instead of fully malignant FL cells, cause a relapse of lymphoma ( Figure 1E ).
The type of mutation analysis of the IG genes may have its limitations since recent deep sequencing studies on FL, not only addressing the IG genes but also multiple other genes, targets or not of AID, showed that minor subclones with mutations, not detectable by conventional cloning techniques, may already be present very early, and may persist at different frequencies in different subclones. 12 A very elegant example was recently published by Weigert et al. 21 These authors investigated two follicular lymphomas that developed 7 years after allogeneic stem cell transplantation, both clinically evident in the donor and recipient. Both lymphomas were clonally related and harbored both common and different mutations of the IG and other genes. Moreover, clonally related FLLC cells could be detected in the original graft as well. Most importantly, deep sequencing of both lymphomas showed many similar mutations, however, often at very different frequencies. This suggests that most mutations in FL are already present in FLLC far before onset of the clinically detectable lymphoma, but are differently selected for.
What do the present data mean for our understanding of the behavior of FL and clinical practice? One suggestion made by the current and previous authors, is that the bone marrow may harbor a small pool of less-cycling "founder" cells, either fully malignant (FL) or "pre-malignant" (FLLC), which may be relatively resistant to chemotherapy, explaining the frequent but sometimes very late relapses observed in FL. It would, therefore, be very informative to have a more thorough characterization of the bone marrow resident cells in FL (and possible also other B-cell lymphomas) at the molecular level, although this is a major challenge due to their very low frequency and the fact that the bone marrow compartment is not easily accessible. Extensive mutation analysis of original lymphoma samples and their paired samples taken during late relapses might also be informative. 17 These authors suggest that relatively fewer mutated FL cells may find a niche in the bone marrow. These cells may be relatively quiescent and in consequence escape the effect of chemotherapy, and may repopulate the body after therapy ("founder cells"). This might explain why there is no linear accumulative load of somatic mutations in FL patients. In fact in some patients, biopsies at relapse show fewer mutations than in the original diagnostic biopsy. (E) Model similar to that shown in (D) . However, this model shows the theoretical possibility that also premalignant FLLC migrate back to the bone marrow and colonize the bone marrow niches, giving rise to late relapses.
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